Objective-Besides having a key role in fibrinolysis, the plasminogen system has been implicated in cell migration and angiogenesis. A common mechanism is the binding of plasminogen to carboxy-terminal lysine residues in partially degraded fibrin or on cellular surfaces. Here we examined the involvement of thrombin activatable fibrinolysis inhibitor (TAFI) and pancreatic carboxypeptidase B (CPB) in an in vitro capillary tube formation system, which is largely plasminogen-dependent. Methods and Results-Human microvascular endothelial cells (hMVECs) were seeded on a 3D plasma clot matrix and subsequently stimulated with bFGF/tumor necrosis factor (TNF)-␣. Tube formation was analyzed and fibrin degradation products (FbDP) were determined in the medium. Supplementation of the matrix with additional TAFI or CPB produced a reduction in tube formation. Pretreatment of hMVECs with CPB before seeding resulted in a similar effect. FbDP-levels indicated a concomitant reduction in matrix proteolysis. A TAFIa inhibitor increased tube formation and FbDP release into the medium. In separate assays, CPB impaired the migration of hMVECs in a dose-dependent manner, whereas proliferation and adhesion remained unaffected. Conclusions-Overall, these results demonstrate that TAFI and CPB in these systems modulate the plasminogen system both in the matrix and on the cell surface, thus leading to the inhibition of endothelial cell movement and tube formation.
A ctivated thrombin activatable fibrinolysis inhibitor (TAFIa) is a basic carboxypeptidase that inhibits fibrinolysis by preventing the positive feedback in plasmin generation (reviewed in 1, 2 ) . The proenzyme TAFI is synthesized in the liver and present in plasma and can be activated by trypsin, plasmin, and thrombin by a single cleavage at Arg-92. TAFIa, which is intrinsically unstable (half-life of about 8 minutes at 37°C), cleaves carboxy-terminal basic residues from proteins with a preference for carboxy-terminal arginine residues over carboxy-terminal lysine residues. 3 Pancreatic carboxypeptidase B (CPB), a digestive basic carboxypeptidase, displays high homology with TAFI 4 but in contrast to TAFIa, CPB is a stable protease.
The conversion of plasminogen (Plg) into active plasmin is initiated either by the tissue-type plasminogen activator (tPA) or the urokinase-type plasminogen activator (uPA). tPA is mainly involved in the dissolution of fibrin in the circulation and uPA in the induction of pericellular proteolysis. 5 The interaction between plasminogen and fibrin is dependent on lysine binding sites on plasminogen. Plasmin is able to generate new carboxy-terminal lysine and arginine residues in fibrin enhancing its own binding as well as the binding of plasminogen. 6 This enhanced binding results in an increased catalytic efficiency of plasmin formation 7 and can be blocked by TAFIa. 8 TAFIa was shown to inhibit tPA and uPA in vitro plasma clot lysis, 9, 10 whereas in vivo inhibition of TAFIa was shown to enhance tPA-induced thrombolysis. [11] [12] [13] [14] Besides the key role that these carboxy-terminal lysine residues play in fibrinolysis they have also been implicated in cell migration, wound healing and angiogenesis where they function as binding sites for plasminogen. 15 Lysine analogs, such as -amino-caproic acid (-ACA) and tranexamic acid (Cyclokapron) efficiently prevent plasmin formation 16 and inhibit tumor cell metastasis and primary tumor growth. 17, 18 Moreover, binding of plasminogen to the cell surface can be abrogated by treatment with pancreatic CPB as well as with TAFIa. 19 It is therefore possible that TAFI functions as a broad modulator of the plasminogen system in its various functions.
Although an TAFI Ϫ/Ϫ mice did not present an overt phenotype, 20 recently an in vivo role for TAFI as a modulator of the plasminogen system has been demonstrated during fibrinolysis and during cell migration. 21 Furthermore, TAFI-deficient mice were shown to display an impaired healing of cutaneous wounds and of colonic anastomoses. 22 However, little is known about the possible effects of TAFI on endothelial cell migration and neovascularization.
Here, we investigated the participation of TAFI in the formation of capillary-like tubular structures in vitro using a model for tube formation that relies mainly on the Plg/uPA system. 23, 24 The addition of antibodies against uPA, aprotinin, or antibodies against the uPA receptor (uPAR) completely inhibited bFGF/TNF-␣-stimulated tube formation, whereas the addition of anti-tPA antibody or of a general matrix metalloproteinase (MMP)-inhibitor resulted only in a moderate inhibition. 25 Frequently, neovascularization occurs in adults under conditions, in which a fibrinous exudate is formed, and this can facilitate the angiogenesis process. 26 To our knowledge, this is the first time that TAFI has been demonstrated to have an effect on in vitro capillary-like tube formation. Moreover, this effect could not be solely ascribed to the cleavage of carboxy-terminal lysine residues from partially degraded fibrin, which composes the known substrate for TAFIa and rather points to the existence of additional physiological substrates. We propose that TAFI might be involved in neovascularization processes during thrombus resolution, wound healing, and atherosclerosis. 21, 22, 27, 28 
Materials and Methods
For details on methods, please see the supplemental material (available online at http://atvb.ahajournals.org).
Materials
CPB was purchased from Sigma-Aldrich, and TAFI was isolated as described previously. 29 TAFI-depleted plasma was prepared using an anti-TAFI IgG Sepharose column. 30
Cell Culture
Foreskin hMVECs were isolated, cultured, and characterized as previously described. 31
In Vitro Tube Formation Assay
The formation of capillary-like tubes in plasma clot matrices was performed and evaluated essentially as previously described in fibrin matrices. 23 
Results
For Supplemental Figure I and II, please see the supplemental material.
Involvement of TAFI in Tube Formation in a 3D-Plasma Clot Matrix
To study the involvement of TAFI during tube formation, we used a 3D in vitro model where a plasma clot is used to mimic the provisional wound matrix. hMVECs were seeded on top of the plasma clot matrix and stimulated with bFGF/TNF-␣ to form capillary-like structures ( Figure 1A) . Figure 1B demonstrates that addition of the TAFIa-specific inhibitor PCI stimulated the formation of tubular structures by 57% (PϽ0.01), whereas increasing the TAFI concentration (by 50 nmol/L) in the plasma clot matrix inhibited tube formation (42%, PϽ0.05). In agreement with previous findings, the plasmin inhibitor aprotinin caused a strong inhibition of tube formation (80%, PϽ0.01) confirming the dependency of the model on the activity of plasmin. Similarly, inhibition of uPA by anti-uPA and of uPAR by anti-uPAR (MoAb H2) also reduced tube formation corroborating the involvement of cell-bound u-PA on tube formation (both over 80%, PϽ0.01; not shown). The inhibitory effect of TAFI during tube formation was also examined in experiments where a direct thrombin inhibitor (hirudin, 40 U/mL) was added to the stimulation medium. Addition of PCI under these conditions resulted in a similar stimulation of capillary tube formation (1.6-fold, PϽ0.001). This implies that not thrombin but an alternative pathway is responsible for TAFI activation in our model. Addition of hirudin increased capillary tube formation with stimulation with bFGF/TNF-␣ by 139% (PϽ0.001).
Because TAFIa is an unstable enzyme, pancreatic CPB was incorporated into the plasma clot matrix. Addition of CPB (1 to 10 U/mL) to the matrix induced a significant and dosedependent inhibition of tube formation, which was significant at 5 and 10 U/mL CPB (both PϽ0.01; Figure 1C ). The inhibition of tube formation observed with the addition of 50 nmol/L TAFI to the matrix was comparable to the inhibition observed with 1 to 5 U/mL CPB (compare Figure 1B and 1C) .
The inhibitory effect of TAFI during tube formation might emerge from its known downregulation of fibrin matrix degradation or from an effect on hMVECs themselves. To further explore this, the hMVECs were pretreated with the stable active enzyme CPB. Subsequently, the hMVECs were washed and seeded on top of the plasma clot matrix. After 24 hours they were stimulated with bFGF/TNF-␣ alone (CPB ϩ ) or combined with the addition of CPB to the medium (25 U/mL, CPB ϩϩ ). This pretreatment (CPB ϩ ) resulted in an inhibition of tube formation (58%, PϽ0.01) pointing to a direct effect on the hMVECs ( Figure 1C ). Furthermore, when CPB was also added to the stimulation medium (CPB ϩϩ ) a supplementary inhibition in tube formation was observed (73%, PϽ0.01). It is interesting to notice that either supplementation of the matrix with 10 U/mL CPB or treatment of hMVECs with CPB in combination with CPB in the medium (CPB ϩϩ ) resulted in an inhibition of tube formation comparable to the addition of aprotinin. This suggests that the observed effects reflected complete interference with the uPA/plasmin system.
Fibrin Degradation Products and uPA Accumulation During Tube Formation
The amount of fibrin degradation products (FbDPs) accumulated in the conditioned medium markedly increased during tube formation, as evaluated during 2 48-hour periods after initial stimulation by bFGF/TNF-␣ ( Figure  2A ). This accumulation was largely inhibited by aprotinin (81%, PϽ0.01). Addition of PCI in the matrix enhanced FbDP accumulation in the medium (87%, PϽ0.01) whereas addition of TAFI (Figure 2A ) inhibited the release of FbDPs compared with bFGF/TNF-␣ stimulation only (57%, PϽ0.01). Moreover, when the matrix was supplemented with CPB ( Figure 2B ), FbDP levels decreased (71% CPB 1 , 86% CPB 5 , and 89% CPB 10 , all PϽ0.01) pointing to a downregulation of fibrinolysis. Pretreatment of hMVECs with pancreatic CPB also inhibited FbDPs release (87% CPB ϩ and 93% CPB ϩϩ , both PϽ0.01). These results point once more to a downregulation of the Plg/uPA system.
The accumulation of uPA in the stimulation medium during tube formation was significantly decreased when Release of fibrin degradation products (FbDP) during the formation of capillary-like structures in a 3D-plasma clot matrix. The stimulation medium was renewed at 48-hour intervals, and the conditioned media of the first 2 stimulation periods were collected for assay of FbDPs. The 2 values were added to obtain the FbDP accumulation over the 96-hour period. A, hMECs were cultured with and without stimulation with bFGF/TNF-␣. In addition, the matrix was supplemented with PCI (30 g/mL), aprotinin (200KIU/mL), or additional purified TAFI (50 nmol/L) where stated. B, CPB was either incorporated into the plasma clot matrix (CPB 1, 5, 10 U/mL) or hMVECs were pretreated with CPB (CPB ϩ ) or pretreated with CPB and 25 U/mL CPB added to the medium (CPB ϩϩ ). The data represent meanϮSEM of 3 independent experiments performed in duplicate wells. The FbDP level for the bFGF/TNF-␣ condition corresponds to 12 g/mL.
hMVECs were pretreated with CPB (46% CPB ϩ and 48% CPB ϩϩ compared with bFGF/TNF-␣, both PϽ0.01; not shown). The amount of uPA found in the medium under bFGF/TNF-␣ stimulation corresponded to about 16 ng/mL. The addition of CPB, PCI, or TAFI to the matrix did not alter the uPA accumulation compared with bFGF/TNF-␣.
TAFI Concentration in the Plasma Clot Matrix and Consequences for Tube Formation
We examined the effect of reducing TAFI concentration in the plasma clot matrix by testing serial dilutions of normal pooled plasma in TAFI-depleted plasma. Reduction of the TAFI content of the plasma clot matrix caused an acceleration of the tube formation ( Figure 3A) and an increase in FbDP accumulation ( Figure 3B ). Depletion of TAFI in the plasma clot matrix or addition of PCI to normal plasma clot matrix had similar results ( Figure 3A and 3B) .
The reduction of TAFI content not only caused an increase in capillary tubes but also modified their structure. Crosssections were made from these plasma clot matrices perpendicularly to the matrix surface and the morphology of the tubes formed in the matrices was examined. The tubes formed in matrices containing reduced TAFI levels displayed a more extensive network and were accompanied by wider tubes/ lumen-like structures, often in the upper area of the plasma clot matrix, suggesting an increased fibrin degradation (Figure 4A through 4C) and also possibly an altered migration.
Effect of CPB on hMVEC Proliferation, Adhesion, and Migration
The results above suggest that the basic carboxypeptdases CPB and TAFI are able to modulate hMVECs functions, probably via the regulation of the uPA/plasmin system. We therefore used CPB to study the effect of basic carboxypeptidase activity on the proliferation, adhesion, and migration of hMVECs. Proliferation, in the presence of bFGF was not affected by addition of increasing amounts of CPB (1, 10, and 100 U/mL; not shown). In addition, the adhesion of hMVECs was not affected in the presence of 10 or 100 U/mL CPB in the culture medium, as estimated by cell counting (not shown). A wound assay was used to investigate the effect of carboxypeptidase B activity on hMVEC migration under similar stimulation conditions as used for the tube formation assay, namely stimulation by bFGF/ TNF-␣. In this assay the migration of hMVECs was impaired in a dose-response manner by increasing CPB concentrations in a 24-hour period (supplemental Figure I) . The uPA/plasminogen system was also involved during the migration of hMVECs, under bFGF/ TNF-␣ stimulation, as the addition of anti-uPAR, anti-uPA, or aprotinin delayed the migration of hMVECs.
Localization of TAFI in an Atherosclerotic Plaque
To investigate the presence and localization of TAFI in new vascular structures formed in a fibrinous environment, immunohistochemical analysis of TAFI was performed in tissue sections of atherosclerotic plaques with organized thrombi. The neointima with incorporated thrombus contained new capillaries. The endothelial cells of the newly formed microvessels were visible after staining for CD31 (PECAM-1) (supplemental Figure IIA) . Staining with an antibody against TAFI (supplemental Figure IIB and IIC) revealed that TAFI was, as expected, present in the fibrinous exudate, and accumulated in many of the vascular structures in this thrombus. This occurred possibly by the colocalization of TAFI with the endothelial cells lining the vessels.
Discussion
Currently, TAFI is primarily seen as an inhibitor of the plasminogen system during fibrinolysis. Yet, there is increasing evidence that TAFI function may not be restricted to fibrinolysis but that TAFI may also act as a regulator of inflammation and as a modulator of the plasminogen system during tissue remodeling and cell migration. In this report we have provided evidence for the involvement of TAFI in the formation of capillary-like tubular structures by hMVECs in a 3D-plasma clot matrix. To our knowledge, these results represent the first attempt to investigate the role of TAFI in tissue remodeling processes in vitro.
The absence of a dramatic phenotype for TAFI Ϫ/Ϫ mice 20 -22 is shared with deficiencies of other components of the fibrinolytic system [32] [33] [34] and does not necessarily mean that TAFI does not fulfill a physiological role. Supporting this notion, TAFI Ϫ/Ϫ mice have impaired wound healing and abnormal keratinocyte migration 22 and using TAFI Ϫ/Ϫ , Plg ϩ/Ϫ mice it was demonstrated that TAFI regulates the functions of the plasminogen system both in fibrinolysis and in cell migration in vivo. 21 Moreover, it should be noted that during in vivo tissue remodeling a functional overlap between the functions of the plasminogen/uPA system and of the MMP system occurs. It has been elegantly shown that wound healing is impaired both in Plg-deficient mice and in wildtype mice treated with the MMP inhibitor galardin whereas a complete arrest could only be achieved when Plg-deficient mice were treated with a MMP inhibitor. 35 On the basis of present knowledge, different mechanisms by which TAFI may be involved in our in vitro model of capillary-like tube formation can be envisaged. First, in this model the Plg/uPA system localizes the proteolytic activity to specific sites on the cell surface, facilitating matrix degradation and the invasion into the matrix. Therefore, TAFI might inhibit tube formation by removing carboxy-terminal lysines in the plasma clot matrix, preventing the upregulation of plasminogen activation in the matrix and in this way decreas-ing proteolysis. This mechanism fits with our observations as increasing TAFI or CPB concentrations in the matrix impaired tube formation and decreased proteolysis of the matrix (decrease in FbDP release). Addition of a TAFIa inhibitor (PCI) or reduction of TAFI concentration in the matrix resulted in the acceleration of tube formation and of matrix proteolysis.
Second, it has been shown previously that the treatment of cells with pancreatic CPB 15, 36 and with TAFI 19 results in a striking inhibition of plasminogen binding to cells, which was mediated by carboxypeptidase activity. This binding of plasminogen relies on cell surface receptors or other cell surface proteins, which have as common characteristcs their relatively low affinity (KdϷ1 mol/L), high density (10 4 to 10 7 sites/cell), and requirement of free lysine binding sites of plasminogen. To investigate whether TAFI could be involved in the regulation of these receptors or other cell surface proteins we pretreated the hMVECs with CPB before seeding. Our results show that pretreatment of hMVECs efficiently inhibited tube formation and downregulated proteolysis. In addition, reduced accumulation of uPA in the stimulation medium was observed when hMVECs were pretreated with CPB. Although we cannot completely exclude that a small fraction of CPB may remain bound to the hMVECs, even after extensive washing, these results corroborate a direct effect of CPB on the the hMEVCs, suggesting that the modulation of the cell-associated functions of the plasminogen system by TAFI may take place at several levels.
Third, Plg-deficient mice were found to have impaired wound healing with a decreased rate of keratinocyte migration 34 and a disturbed keratinocyte migration was also reported in TAFI Ϫ/Ϫ mice. 22 Decreasing TAFI concentration in the plasma clot matrix in our model also altered the magnitude of tube formation and the morphology of the capillary structures formed suggesting alterations of the migration pattern of the hMVECs. In agreement with in vivo results, 21, 22 TAFI seems to be able to modulate cell migration in our tube formation model probably by modulation of the Plg/uPA system (uPAR, uPA, and plasmin). In the wound assay, the migration of the hMVECs was inhibited in a dose-dependent manner by CPB and the Plg/uPA system was again shown to involved. In addition, we observed a decreased accumulation of uPA in the conditioned medium when hMVECs were pretreated with CPB, which matches with the reduced hM-VECs migration observed in the wound assay in the presence of CPB.
In the in vitro model of capillary-like tube formation, the 3D-plasma clot matrix was prepared by the addition of thrombin to plasma and thus one might suppose that TAFI activation was mediated by thrombin. However, a direct thrombin inhibitor was not able to abolish the effect of TAFI in this model, which points to additional pathways for TAFI activation. In fact, it seems more likely that the activation of TAFI may be induced by plasmin particularly in a cellular environment where this pathway is stimulated by glycosaminoglycans, 37 but this has to be further explored.
It should be noted that our results are confined to neovascularization in a plasma-rich clot matrix. We can best perceive this in vitro system as a model of wound healing angiogenesis and it can be compared with pathological conditions such as the neovascularization of a thrombus incorporated in an atherosclerotic plaque. Indeed, TAFI was clearly present both in the matrix and in the endothelial cell lining of the newly formed microvessels in the thrombus that we analyzed by immunohistochemistry.
In conclusion, our results provide evidence that TAFI is a skillful modulator of the cellular functions of the plasminogen/uPA system. TAFI regulates at several levels the fine tuning of capillary tube formation and of matrix proteolysis by controlling the upregulation of plasminogen binding to the plasma clot matrix and to the cell surface and by controlling the migration of hMVECs. 
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